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HUMAN COMFORT RESPONSE TO
RANDOM MOTIONS WITH A DOMINANT TRANSVERSE MOTION
By Ralph W. Stone, Jr.
SUMMARY
The effects of random transverse accelerations on passenger ride comfort
response were examined on the Langley Visual Motion Simulator. The effects
of power spectral density shape and frequency ranges from 0 to 2 Hz were
studied. This paper presents the data obtained. There existed during this
study motions in all other degrees of freedom , as well as the intended transverse
motion, because of the characteristics of the simulator. These unwanted
motions may introduce some interactive effects which should be considered in
any analysis of the data.
INTRODUCTION
Consideration of the quality of airplane rides probably will become increasingly
important, especially in terminal area operations and in short-haul operations using
short take off and landing aircraft. As an increase in such operations is expected
(ref. (1)), such operations at low altitudes or with relatively light wing
loading aircraft may lead to conditions of flight where the motions of the
aircraft will be less comfortable and less acceptable to passengers than is
experienced in current jet aircraft operations. Understanding and defining
the problems of passenger acceptance, and developing methods and systems for
aircraft design that will allow for acceptable ride comfort, are encompassed
in a NASA program (ref. (2)). This program includes the simultaneous measure-
ment of subjective ride comfort responses and vehicle motions made on both
scheduled airlines and simulators.
Much data has been obtained and ride comfort indices and acceptance
ratings have been developed based on human exposures to the full six degree of
freedom motion of aircraft (refs. (3), (4), (5), (6), and (7), for example).
The interactions of the various degrees of freedom of motion as they affect
human comfort responses is not known. The nature of these interactions is
important to the understanding of the total comfort response. In addition,
data available for subjective comfort responses to single degree of freedom
motions exist primarily for sinusoidal oscillations at specific frequencies
(ref. (8)).
The influence of single degree of freedom motions having random oscilla-
tions typical of those of aircraft in turbulence also is not known. Typical
airplane response to turbulence have power spectra shape that decreases
rapidly beyond 1 to 2 Hertz. Iiowever, some response motions of the airplane
(particularly the angular motion) have a somewhat flatter power spectra shape.
It is not known if these different spectral shapes will have a significant
influence on the ride comfort. Consequently, a program to measure human
comfort response ratings in single degree of freedom random motions and the
interactions of these motions in two, three, and six degrees of freedom using
two types of power spectra shapes and three frequency ranges is in progress at
the NASA Langley Research Center. Reference (9) presents the data obtained
for the study of the subjective ride comfort responses to random vertical
accelerations. The present paper presents the subjective ride comfort response
ratings obtained when using oscillations in the transverse degree of freedom
on the Visual Motion Simulator at Langley (fig. 1).
SYMBOLS
"R	 standard deviation of ride quality rating
s
g	 acceleration due to gravity
Hz	 frequency, cps
TESTS AND TEST CONDITIONS
The investigation was initiated to measure human comfort response ratings
to single degree of freedom motions and to multiple degree of freedom motions
using random motions like those experienced in airplane flight. A program was
developed using 14 separate simulator "flights;' each flight consisting of
24 segments. Each of the segments consisted of either a single degree of
freedom motion, a two-, three-, or six-degree of freedom motion. The segments
for the six single degrees of freedom (vertical, transverse, longitudinal
acceleration and pitch, roll and yaw rates) were scattered throughout six
flights. Any one single degree of freedom was contained within only two of
the six flights. The various two degrees of freedom segments were similarly
scattered throughout four flights. The various three degrees of freedom segments
were scattered throughout two flights; and six degrees of freedom, similarly in
two flights.
As mentioned previously, typical airplane responses to turbulence have
power spectra that decreases rapidly beyond 1 to 2 Hertz. However, some
responses, particularly for anglul.ar motions, have flatter power spectra. In
order to investigate the effect of spectral shape and the frequency distribution
of the response power on ride+ comfort, six power spectral density distributions
were developed to drive the simulator. There were two general groups, the first
termed "typical," having variation with frequency like those experienced
on typical aircraft and the second termed "flat" with shallo ger decreases at the
high frequencies. In each group, three distinct frequency distirbutions were
used; the first with peak power centered between 0 and 1 Hz, the second
between 0 and 2 Hz, and the third between 1 and 2 Hz.
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The six power spectra shapes were tailored by filtering the output of a
random number generator. The nominal shapes of these spectra are shown in
figure 2. In designing the spectra shapes to suit the simulator characteristics
the "flat" spectra were not as flat as was intended and in figure 2 appear
similar to those of the "typical" spectra. However, the "flat" spectra have
more power in the 1 to 3 Hz range than the typical spectra for conditions with
the same peak power. This increase in power, over the typical spectra, ranges
from 35 percent for the 1 to 2 Hz spectra to 170 percent for the 0 to 1 Hz
spectra.
The nominal spectra shown in figure 2 are normalized to have a peak oZ 1.
For the actual motions on the simulator the magnitude was raised for each spectra
type by adjusting the gain of the input signal. Four magnitudes were examined
for each of the six spectra shapes. Thus, the 24 flight segments were
developed for use in the study.
The Langley Visual-Motion Simulator (VMS) is primarily used for piloted
flight, stability, control, and display studies, and does not contain a
passenger compartment. The passengers used in this study sat in the pilot's
compartment and rode passively, the controls and instruments being inoperative
for these experiments. Figure 3 is an interior view of the cockpit. Two
passengers rode each experimental "flight."
The normal operational envelope of motion frequencies and magnitudes of
the VMS are presented in referenr.e (2). The largest practicable input
frequency is about 3 Hz. As noted in references (6) and (7), the major energy
in aircraft motions is in the region of 2 Hertz and less.
The VMS is a large mechanical device with six hydraulically operated
telescoping legs and associated switchiTTg valves. The desired motions are
developed by extending the legs in a prescribed manner. In order to obtain the
desired motions without exceeding the mechanical limitations of the simulator,
various control and limiting systems were incorporated. The simulator, as a
dynamic device, has its own natural frequencies and damping, and thus exerts an
effect on the resulting motion. For precise development of a single degree of
freedom, the six less would have to move synchronously. Because of friction in
the hydraulic systems and valves, and variations in the hydraulic pressure, it
was not possible to produce the precise conditions necessary for one de: • ee of
freedom. Therefore, the motions developed by the simulator had the transverse
acceleration as the dominant motion with various lesser amounts of the other
five degrees of freedom present. For these same reasons, the motions were not
precisely duplicated even for identical computer inputs. As a result of the
dynamic characteristics of the simulator, the actual motion power spectra
experienced by the subjects was somewhat different than the nominal spectra used as
input to the computer. The four different magnitudes mentioned previously
were supposed to be alike for each input spectra shape; however, because of the
dynamic response characteristics of the simulator, it provided different RMIS
values of the transverse accelerations for the different spectra shapes.
Each "flight" was flown four to five times so that 8 to 10 subjects
experienced each motion. As these "flights" were not precisely duplicated,
the data discussed in the "Data!" section of this pa per are the avera ge values
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of the four or five "flights" used. The standard deviation of the
transverse accelerations from the average values for the various segments
in terms of percent of the average values is 5.97 percent. The maximum
deviation was 19.96 percent. The actual output of the simulator for a
test segment representing most nearly the average output for a given
input segment and, therefore, the motions essentially experienced by the
subjects are presented in figures 4 to 9. Those include tire: histories
for all six degrees of freedom, histograms of the vertical acceleration.
and power spectral densities of the transverse accelerations for the
24 segments of "flight" as follows:
Figure Spectra shape Frequency range
4 Typical 0-1 Hz
5 of Hz
6 It 1-2 Hz
7 Flat 0-1 Hz
8 11 Hz
9 Is Hz
The four segments of motion in each figure are for progressively increasing
values of transverse acceleration.
The reference axis used was relative to the seated passengers and is
shown in figure 10. The transverse accelerations used for this paper were along
the transverse axis shown in fig!ire 10. The actual motions of the simulator, as
experienced by the passc:Tigers, were measured by an inertial instrument package
containing three linear accelerometers, one alined with each axis, and three
rate gyros also alined with each axis.
As noted previously, 24 segments of flight were used in examining the
transverse degree of freedom. These 24 segments were randomly scattered in
two "flights." Each flight was 36 minutes long end consisted of 24, one- and
one-half minute segments. The subjects rated a 20-second portion in the center
of cacti segment. A computer-driven buzzer system was used to identify this
center portion of the segments. The subjects were instructed to consider only
this 20-second segment of "flight" when making their comfort response rating.
The subjects rated the segments on a seven-statement scale, as follows:
Very comfortable
Comfortable
Somewhat comfortable
Acceptable
Somewhat uncomfortable
4	 Very unc'.orIiurtahle
Many subjective ride comfort indices have been based on a five-point numerical
scale (see refs. (4) and (7), for example). Accordingly, for analysis purposes
the seven-statement rating scale was converted to numerical values for a five-
point scale as follows:
i - Very comfortable
2 - Comfortable
2-1/2 = Somewhat comfortable
3 - Acceptable
3-1/2 = Somewhat uncomfortable
4 - Uncomfortable
5 = Very uncomfortable
For the data presented herein, average numerical ratings for the 8 to 10
subjects based on this scale and standard deviations from these averages are
used.
The subjects, in general, were supplied by the Hampton Institute and
consisted of a relatively broad spectra of people. For the total program,
138 passenger "flights" were made using a total of 98 persons. No person
rode the same flight twice. A general profile of the persons used on these
"flights" is shown in table I.
DATA
The mean RMS values for all six degrees of freedom of the four or five
"flights" performed for each input segment along with the mean subjective ride
comfort response ratings (Rs ) are shown in table II. The standard deviation
of the response ratings for the passenger group on each "flight" segment are
also shown in table II. The standard deviation of the response ratings for
the passenger group on each "flight" segment are also shown in table II.
Cross correlation coefficients for the various motion components are shown in
table III. The four segments of motion on tables II and III for each spectra
shape are for progressively increasing values of RMS transverse acceleration.
As noted previously, the data presented herein are for transverse motion inputs
and the existence of the other motion components in tables II and III are the result
of simulator characteristics. Until data is available for each degree of freedom
of motion and for combined motions, it will not be clear how sign ,-'f icant the exist-
ence of the other motion components are in the subjective ride comfort responses
presented in this paper. The transverse RMS accelerations varied from about
0.9 to 9 times larger than the longitudinal or vertical M accelerations
that occurred. These can be compared because they are similar types of stimu-
lation to the transverse RMS acceleration. Because the angular RMS velocities
are a different form of stimulation than the linear accelerations, no compari-
son as to their relative significance to the transverse RMS acceleration can be
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directly made. It should be noted that the values range from about 0.38 to
2.1 degrees per second and have an average value of 0.838 degrees per second.
Estimates of thresholds of perception of angular velocity (see refs. (70) and
(11)) range from about 0.5 to 4.0 degrees per second. The values of RMS
angular velocity that existed in the experiment to study the response to
transverse motion are therefore near the estimate of thresholds of perception
and may not have had important influences on the comfort responses of this
paper. Any analysis made of the data presented herein should niaintsin
cognizance of the existence and possible influence of motion in the degrees of
freedom other than transverse.
The subjective ride comfort responses presented on table II have an average
standard deviation for all 24 segments of 0.690. This compares favorably with
other experiences as, for example, the average standard deviation of the ride
quality index for the results of reference (7) is 0.758 units of response rating.
The value of 0.690 for this transverse acceleration study is somewhat smaller
than thst for the vertical motions of reference (9).
As expected, there is a progressive increase in response ratings with
increasing transverse acceleration. The variation (table II) is not, however,
linear function of transverse acceleration. The subjective rile comfort
responsca are therefore plotted against the log 10 of the RMS transverse accel-
erations for typical power spectra in figure 11 and for flat power spectra in
figure 12. Thus plotted, the data show a nearly linear variation of the
response, with the 1og 10 of the acceleration stimulus. This observation implies
that the comfort response to RMS transverse accelerations conforms to the laws
of psychophysical responses, wherein the response varies with the log10 of the
stimulus (ref. (12)).
CONCLUDING REMARKS
A study has been made on the Langley Visual Motion Simulator to examine
the influence of random transverse accelerations on human subjective ride
comfort responses. The effects of two general shapes of power spectral
density of the transverse acceleration for three frequency ranges in the 0 to
2 Hz region were examined. The data obtained in this study are presented in
this paper. Although this study was made basically to examine the influence
of random transverse accelerations, because of the characteristics of the
simulator there occurred in the study some amounts of motion in all other
degrees of freedom. Analysis of these data must maintain cognizance of this
fact. The response data appear to vary linearly with the log 10 of the
transverse RMS accelerations indicating congruity with psychophysical law.
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TABLE I. - PASSENGER PROFILE FOR
VMS RIDE QUALITY PROGRAM
Total Passengers - 98 Persons
Sex Distribution
Number %
Males
Females
47
51
48
52
Age Distribution
Number
Sex
Male Female
18-25 yrs 55 56 449. 567.
26 -45 yrs 30 31 477. 53%
46 -• yrs 13 13 69% 31%
TABLE II. - MEAN RMS VALUES OF MEASURED MOTION COMPONENTS
WITH TRANSVERSE ACCEIERATION INPUTS AND MEAN RIDE COMFORT RESPONSES.
Lao g, ansverse Vertical pitching Rollin Yawing Race. 8Ce• aac. v^logqity SelgciEy velgcity s ^ttseglsec a /sec de //sec
(a)	 Typical 0-1 Hz inputs
0.0051 0.0163 0.0052 0.5000 0.7978 0.4264 1.800 0.753
.0056 .0395 .0059 .4535 .8307 .3834 3.050 .643
.0084 .0718 .0078 .5152 1.0836 .4313 4.200 1.016
.0093 .0821 .0091 .5488 1.2359 .4931 4.600 .699
(b)	 Typical 0-2 Hz inputs
.0046 .0106 .0050 .4649 .iu88 .4007 1.850 .818
.0061 .0330 .0061 .4725 .8625 .3958 3.250 .830
.0085 .0608 .0082 .4880 1.1954 .4035 3.500 .527
.0126 .0857 .C119 .5670 1.7006 .4523 4.450 .762
(c)	 Typical	 -2 Hz inputs
.0048 .0084 .0053 .4832 .7918 .4163 1.400 .699
.0059 .0239 .00u8 .5223 .9556 .4395 2.700 .950
.0084 .0494 .0086 .55,48 1.183 .4619 3.600 .658
.0126 .0864 .0121 .5996 1.7478 .4688 4.500 .850
(d)	 Flat 0-1 Hz inputs
.0069 .0175 .0073 .7301 1.1114 .6023 1.800 .632
.0078 .0405 .0083 .7410 1.2159 .6257 3.200 .632
.0125 .0743 .0124 1.0419 1.8438 .8710 4.250 .540
.0121 .0869 .0119 .8959 1.7721 .7753 4.600 .516
(e)	 Flat 0-2 Hz inputs
.0072 .0109 .0077 .7715 1.1819 .6519 1.800 .587
.0082 .0341 .0083 .7373 1.2097 .6137 3.100 .532
.0091 .0612 .0092 .5647 1.3271 .4665 4.000 .782
.0135 .0890 .0134 .7968 1.9964 .6763 4.450 .599
9
TABLE II .- MEAN RMS VALUES OF MEASURED MOTION COMPONENTS
WITH TRANSVERSE ACCELERATION INPUTS AND MEAN RIDE COWORT RESPONSES - CONTINUED.
Long.
ace,
Thkisverse
ace.
g
Vertical
sec.
g
c	 ng
eloctty
deg/sec
-Rolling
vel7City
deg/sec
awing
elocity
de	 sec
Rs
aRs
(f)	 Flat 1-2 Hz inputs
0.0084 0.0107 0.0117 0.8657 1.2824 0.7197 1.450 0.693
.0097 .0246 .0103 .9931 1.5792 .8301 2.850 .669
.0108 .0489 .0110 .8883 1.6190 .7331 3.250 .709
.0136 .0836 .0140 .8273 2.0753 .6468 4.850 .474
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TABLE III.-CROSS-CORREIAiTION COEFFICIENTS OF MOTION COMPONENTS
WITH TRANSVERSE ACCELERATION INPUTS.
Longitudinal Longitudinal Transverse Transverse Vertical Roll
• Vertical - Pitch - Roll - Yaw - Pitch -Yaw
(a)	 Typical 0-1 Hz inputs
0.8510 0.9032 0.2620 0.3929 0.8757 0.9325
.6475 .6225 -.1123 .0435 .6614 .7952
.5991 .3967 -.1171 -.1282 .5037 .6816
.5014 .4145 -.1398 -.2421 .5212 .6304
(b)	 Typical 0-2 Hz inputs
.7935 .8912 .3318 .4753 .8399 .8955
.6382 .6040 -.0570 .1139 .6002 .7928
.4708 .3093 -.1290 .0642 .4096 .6263
.4278 .0646 -.2803 -.1781 .2070 .502
(c)	 Typical 1-2 Hz inputs
.7839 .9179 .4165 .5619 .8182 .886
.6342 .7238 -.0501 .1123 .6610 .7903
.5246 .4215 -.1414 .0676 .4882 .6862
.4008 .1135 -.2828 -.2135 .2201 .545
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TABLE III.- CROSS-CORRELATION COEFFICIENTS OF MOTION COMPONENTS
WITH TRANSVERSE ACCELERATION INPUTS - CONTINUED.
Longitudinal Longitudinal Transverse Transverse Vertical Roll
- Vertical - Pitch - Roll - Yaw - Pitch - Yaw
d)	 Flat 0-1 Hz inputs
0.8574	 0.9516	 0.3812	 0.4982	 0.8982	 0.9221
.7750	 .8720
	 .0937
	
.2247	 .8289
	 .8713
.7000	 .7599
	 -.0007	 .1178	 .7519
	 .7673
.5663	 .6154
	 - .1617	 •-.0920	 .6104
	
.6426
e)	 Flat 0-2 Hz inputs
.7778 .9192 .3904 .5260 .8476 .8750
.8102 .8809 .1336 .?.532 .8391 .8690
.4748 .4031 -.2415 -.6724 .4934 .4676
.4684 .4107 -.2250 -.0803 .4700 .3892
(f)	 Flat 1-2 Hz inputs
.9062 .9788 .7524 .8278 .9364 .9461
.8016 .9061 .2559 .3700 .8496 .8876
.7519 .8169 .0619 .2127 .7786 .8333
.4363 .3966 -.2451 -.0608 .4319 .4136
12
WIT
NASA
L-73-7163
.ft
001 NOW-	 ww^P-Y^J"
C-Own ago_g, lqc — ^	 Motion Platform
mfta
1.0
Peak power
	
f	 `	 frequency ranee
t1-21
	
I	 ^	 ^
t	 /	 J0-21
I
I
1
^	 r
r
I
^	 I
I
I
.i^`
N
C
Q)
-v
L
NL
N
EL
Z
.Olt
2
Frequency (HZ)
(a) Typical spectra.
Figure 2.- Nominal power spectra of motion components.
ftWMING
 PAGE M AM NOT FMW
13
N
C
cv
tr..
a
N
L
O
G.
N
E
L
0
Z
2 3
Peak power
1.0
	 frequency range
1	 `	 (1-2)
(0-1)
1
1
Frequency (HZ)
(b) Flat spectra
Figure 2.- Concluded.
I
	
+
n
r."
	
(
	
^
.
	
1
C.JGdHi+.wK00CwG
I
VH
c
o
	
00
d
 
^
_M
l ^`
011'G
A
N
A
L PA
G
E LS
O
F
 pW
R
 Q
U
A
I m
r,
Sd jf
^CQ
•
---t-
-	 - -	
__ - -
_. -	
-..	
_
_	 - - __ -	 - - --
_. -
` I
^ t I' F I as	 ^;_ ^' ^ I I
t
_
Cr
_ 1
^ I
t
.	 ,
I
'ac
1
_
_
N - ,^ I
^	 ^
i
I
I
t	 l
I
I }
1
_ !
1 1 _ _-1
t {Time t	 tsec t
---!
(a) Time histories (RMS transverse acc. 0. 0163g)
Figure 4 - Measured motion characteristics using transverse
acc. with typical 0-1 Hz inputs

Ve
rti
ca
l a
cr
_ ,
 T
ra
ns
ve
rs
e 
K
r—
, 
Lo
ng
itu
din
al 
ac
r—
,
91
5 	
g's
	
g's
Ya
w 
ra
te,
	
Ro
l I 
ra
te,
	
Pi
tc
h 
ra
te
,
de
c/S
ec
	
de
g/s
ec
	
de
g /
W
[T
ill
:
z
. 
..
..
..
..
.
77
77
7'
ru
00
eu
'a
m
ac
d %:N
A
c
C
s
J
`d0 NN
NCALH
J
Id
R b+
r-
(a) Time histories IRMS transverse acc, 0. 0821 gl
Figure 4 - Continued
M —
F
soy_
i
30
ZD
_10i
U!
-.06 .04	
-.02 6 	 .02	 .04	 .06	
.08Acceleration level. g's(b) Tanswu Mellerallal histogram (RMS transverse aM 40163 g)
Figure 4 -Continued
to
so
u
10	 _ ----	 l i
I
0 __	 J	 l, r i f ^. 	 I
-.15 	 -.10	
Acceleration
	
' 10	 . ISlevel, g's 
6) Transverse acceleration histogram IRMS transverse acc. 0.0395 9)
Figure 4 - Continued
OD
I
I i	 i	 rl
LI
ID
I I	 I '
11^
o nn
';t1 ^^
a[	 _1_ __L
. ZD	 -_ Is -_ in	 - as
_i
0	 .05 .10
_	 _
.15
i^i U!l_
.20	 ^5
M
a
f
Acceleration level, g's(b) Transverse aooeleration histogram (RMS transverse acc 0. 0718 g)
Figure 4 - Continued
,i	 4
30
^1
4V
Al
I 
L0	 .05	 .10	 AD	 .25.10	 -.05	 .15
. Acceleration level, g's
(b) Transverse awleration histogram (RMS transverse am A- 0821 9)
Figure 4 - Continued
P.!
.11L
IS
1 ^.
C
r
!r
i
aA`
N
CL
166
N_, Y
1^^ L
r~
Frequency. Hz
ic) Transverse acceleration power spectrum (RMS transverse acc. 0.0163 g)
Figure 4 -Continued
Id:
id'
le;
N_^ ^,
CL It s
Id,
'I!IL!l_It1!HLIII111111!l!
22	 24	 26d' 2	 4	 6	 8	 10	 1^	 14	 16	 IB	 20
Frequency. Hz
i
(c) Transverse acceleration power spectrum (RMS transverse ace. 4 0395 9)
Figure 4 - Continued
"0 ry
"Ge
t
t^
r—
r—
IG`
r
i a' f--
1Q,
LL- U.I. '. 1 t1111^J 1_(.1111 L11J11 L1111tJ Al1.111 i J I 1
	1 11 11 + 1 1 i 1 i .
4	 6	 a	 lC	 12
frequency.
1
11 e r r r t 1J.1.L I 1 J1I t II I It! l 1 1-1111.! ', Ll-	 LiI all MLA_:.
11	 16	 16	 2u	 22	 24	 2E
Hz
(c) Transverse acceleration power spectrum (RMS transverse acc 0.0718 g)
Figure 4 - Continued
le
Ial
la,
Id'
N^
7vdN
n.
i
L
 ,1'_:111h-I1!'+IIIL1JLi_ i_''s.!.lIIi11.l?II
	
WI! I IIIII I (I I I1111	 1i1!1:.1111! 1 111_I_I:11.Ill!:
	 11iL1!'!!'.!1!ILi.:111II^.LJJ.!.'_ii.!,I
0	 2	 4	 E	 8	 10	 11	 14	 16	 is	 20	 ?2	 24	 ?6
Frequency, Hz
Ic) Trans"rst eocelersUon power spectrum (RMS transverse am Q OM 9)
Figure 4 - Concluded
i i y
N i t
I I
H f
t
-
IM
H I
_
I	 '
LS
^p _N
:
V N .
20 7
I !
t
r
_
1
Gill f#eV
i Ir
LLLI	
1.1 LI
11	 11	 A. 	 124	 t	 ^..;.:...
Time, sec ,
(a) Time histories ( RMS transverse acc. a 0106 g)
Figure 5. - Measured motion characteristics using transverse acc. with typical
0-2 Ha inputs.
Y
aw
 ra
te
,
d
@
%
A
e
.
Ro
lI 
ra
te
,
de
%
/se
c
Pi
tc
h 
ra
te
,
de
g/ 
se
c
Ve
rti
ca
l a
c
c
,,
 T
ra
ns
ve
rs
e 
a
c
c
, 
lo
ng
itu
di
na
l a
cc
.,
g'
s	
ga
s	
9:1
o
^ V
_
N O
 -
- 
-
t
t
i
 
N
G
 _
 r
n
 
d
 
N
O
C
 
e
c
R
i 
c
o
 -
- 
- 
-
o
► A W W
^^
a^
	
^
^
:
. ;^
.._
t	
_
	
^
..
.^
.^
.,
 ,
 .
. 
^
,.
^
^
,,
^
..
.
_
.
.
.
_
	
_
.
z
4
Ve
rtic
al 
ac
c. 
, T
ran
sv
ers
e a
cc
. , 
Lo
ng
itu
din
al 
ac
c.
g's
	
gis
	
gIIs
Ya
w 
rat
e,	
Ro
ll r
ate
,	
Pi
tch
 ra
te,
de
g/ 
se 
c	
de
g(
se
c	
de
g/ 
se
c
CD N
T
_
 
t
7C
D
C
 
e
o
.
1 
N
to
3
 
=
!
N
^
 
d
C
C
O
 7
N <
D d
 
_
 
_
P go	
.
^
^
n
I.
70
	
-r
rl
0!
.04
I I l	 __[_	 -[ _1 U4 1 1 -1 1 ^ HflLf- - - - --^
	
i n	 1-91
F1	 -till
	
-.03	 02	 -.01	 0	 .01	 .02	 03
Acceleration level, 9's
(b) Transverse acceleration histogram (RMS transverse am M 0106 g)
Figure S. - Continued
60
Lr 50
E 40
1
301­_ ____ -
60[ -
40I - -
30 —
i
20 — -
0
.15
OuCOv
u
a
v
EI
Ameieration level, fs
IN Transverse acWeration histogram (RMS transverse am 4 0330 g)
Fioure 5. - Contimiod
0 ---- —	 --- - -	 -- - --	 -	 - — -
80
r1l
I
Io l -
do
50
oL
AD	 -.15	 -.10	 -.05	 0	 .05	 .10	 .15	 .20AcMeration level, 9's
(b) Transverse acceleration histogram (RMS transverse am 0.0603 gl
Figure 5. - Continued
mv
C
V --LL
yu^
P
C
A
EL
Z
yW
I
W
iJ
^I
I
40
n
ZO ----- Oji,
ro i n
4 iI0 hnih
30 _. 20 -.10 0	 .10 .20 . 3(
ACCeleration level, g's
(61 Transverse acceleration histogram (RMS transverse am t 0857 g)
Finum S - rentintind
1Q'
10
!V;vlw
N
d
1 Q^
le
r-
I
.el l' :i- j ,l^t; ,111Li1[!!IJUI!i.^11ULll11Itlt_1!Ull11;ll!_ilII ! !]Ii IA' '! ! IHU I I_It^l 111! ti tli,al.ILLIiL^. tUL.;!I:^J.i1!:_;^l
' `' C	 1	 4	 6	 8	 t(1	 :2	 :4	 16	 l6	 2U	 22
Frequency, Hz
(c) Transverse acceietraft power spectrum (RMS transverse acc Q OW6 g)
Figure I • Continued
ld'
to
loll
!V
V
d
1Q,
— ^--	 6	 b	 10	 V.	 lit
	
Ib
	
to
	
2U
	
22	 2%	 2F.
Frequency. Hz
k1 Transverse acceleration power spectrum IRMS transverse xL 0. 0330 gl
Figure 5. - Continued
1 i LLI 1 , 1:111''	 ;IJI::j	 1 11
IL	 1;
Frequency. Hz
- I I , I I [ 1 - ! 1	 . 	 #
le
IQ'
14,
In r
(d Transverse acceleration power spectrum (RMS tram verse am a 0608 g)
Figure 5. - Continued
-0
1,j111^1(111111(^
24	 26
1e
ld`
N_I M
N
16s
a
1al
Frequency. Hz
W Transverse acceleration power spectrum IRMS'tnnsverse ac. 4 OW gi
Figure 5. - Concluded
le
^	 -	
1

Ym
 ra
te
, 	
Ro
le 
ra
te.
	
Pi
tch
 ra
te
, 	
Ve
rti
ca
l a
c
c
	
Tr
an
sv
er
se
 ac
4
^ 
Lo
ng
itu
din
al 
a
cc
..
de
g/ 
se
c 	
d(N
. ^;
,	
de
g/ 
se
c 	
gIs
	
g's
	
g's
is
	
•
O
	
h1
	
'ro
pe
	
4p
,
to
o N ^
,
T C
 
H
,
1 w 
N CD Cu n r
r
m
u
t
o
Ya
w 
rat
e,	
Ro
ll r
ate
, 	
Pi
tch
 ra
te,
	
Ve
rtic
al 
ac
c,
	
Tr
an
sv
ers
e a
cc
.,
 lo
ng
itu
din
al 
ac
c,
de
g/ 
se
c	
de
g/ 
se
c	
de
g/ 
se
c	
g's
	
9's
	
g's
C
J	
^
 
	
I IO	
^
	
'
	
'
'
'
	
tb
:
-
-
11
li
lt
1
1
4
1
1
1
4,
 1
1
ti
ll
t
:
.
	
.
<
D
i
a
3
e
0
7-
>
>
_
C
D
_
 
_
_
L
A
C
D
t
1
1
7'
F
1
'
-
*-
E }- ^
h -
_
.
.
Wi
t,
t:
I
-
-
—
 
-
_
^
L
^
too
90
/
_.
'— --| --'
'	 |
/	 |/	 |
=——T ------r---
^
}	 /
|	 |
40r
|
l
!|
|
/
/
\
!	 i
| ii
-.'03
^}'	 i/
^^
3
^
^
^
/K	 |
|
.	 !	 |!
/|	 '	 '	 [	 ^k^|! |||	 ']	 ^
i|	 !	 | f
--'--------'----- —'—	
—^^^! 
Jill
tj
H	 It
IL
tp
Acceleration level, g's
(b)Transverse acceleration M|stogram(RMS transverse acc. 0. 0084 g)
Figure 6. - Continued
>D !
I
70
IL
3 60
rV	 ,
C t^
7 Sfl
E 40
L
O	 jZ	 I
30
20
100
90 t -
10 -
..10
r
	
1	 li 	 I
I	 I 	 ' 	 ' ^	 I 	 '' 	
J	 II
	 I	 I	 1
I	 (	 f	 1	 I^	 I
.	 I	 I	 I	 I	 ^
i	 i	 ^	 ^	 I	 I I! I	 ^	 ^	
I
1
	
I	 i
I	
I	
I^
I	 ^^^	 `	 r	 ^^	 I	 "I
-.08	 -.06
	 -.04	 -.02	 0	 .02	 .04	 .061	 . OS
Acceleration level, g's
(b) Transverse acceleration histogrim -'RM'S transverse wt. 0, 0239 g)
Fiei>Ern 6
}
90|----^^
|/
	
.	 )70^--' ---^
	
.	
^|
WN"
50
	
|	 |
	
}	 ^
	
40(
	
—
i
30'
	
n	
-'
^
-------'---	
}
'
^	 |
'
|
|	 |	 !|
U|	 l	 }^	 |U|	 !	 ||	 |
/---_--	 —	 ^--
|	 U'	 }	 ||	 |
-	
------ -------'
-_.
\|
/
/
^'/	 U
.| ^	 ~
^./
..'
j	 '|	 !	 |	 |
-- ' |
	
^| -----'- ^---'---	 ^|---'	 ^-----'	 —
!|^/	 |	 ^	 '	 |	 ^	 ^	 |	 i	 |	 ^	 |
'|/	 }	 ^	 >	 i	 U	 i	 |	 ^"	 |	 |	 ||^	 |	 |/^	 ||}	 i | |
U	 ^
H	 |
~	 |
	
- 7T
-- ---	
^^	 —
|\//	 |	 ||}	 '	 |
^
^
^|'	 |
U'i !	 |
" L^	 !
U'
u
F	 ^	 |
|	 |	 !	 !
.	 /^	 ^	 |	 |	 //	 !|	
_^
^|5	 -.10-.05i^	 ^^	 0	 .05	 ,kN	 '15	 .0W
Acce)eratimnWe% g's
(b) Trm sverso acceleration his togram (RNS transverse acc. 0. 0494 g)
Figure 6, - Continued
^
I.30 .40
I
1
^^	 I	 !	 I
i
I	
o :I ! {	 t	 j	 (-Irk!!
0^	
I	
'	
'^)
	 II	 1i I j1i
.30	 -.2D	 -.IQ	 0	 . 10	 in
Acceleration level. g's
0H Transverse accelersUon histogram iRMS transverse acc. 0. 0864 gl
Figure 6. - Continued
I
S 70- —	 ! - --- — --cL	 {
^I
3	 i
I301
ti
it
r J
It I	 I f I I
2	 14	 16.
Frequency, Hz
(c) Transverse acceleration power spectrum (RMS transverse am 0. 0084 91
Figure 6, - Continued
to,
IIIIH2
CL.
ll
.	 1	 -!^^	 ^^i	 ,I	 ^	 ^I	 ^^I	 tlj^	 i i! ^1^1^	 ^	 I	 t	 +!	 I	 ^	 t	 it^.tlt	 ^I	 i
	
f,	 f	 1..	 7',	 1 f.
Frequency, Hz
lc) Transverse acceleration power spectrum (RMS transverse acc. Q 0739 g)
Figure 6. -Continued
C4-j P4W=
Ve
d
16' C:
16,
1(fW
t
r•-
I
h
i
ro
v ^
v	 i
N
W	 ^
b —
f
t_
1,	 ..^ ,
^^i_.	 ^.l:^:^	 ^	 ,	 I ',	 ,	 ^	 !	 I	 ^^^;	 ^^	 i ^,	 ;i^	 !;	 '!:'^1	 '!11	 ^'.	 „ ^ '!^^11_! " 111	 l; ti11_► .i.^^^	 .L.	 1	 ^i	 i1Ll!	 :I:l.i'	 Il	 i.;	 lll.	 I1	 ^^.	 i!I_	 ..,i '	 y	 f,	 8	 1J	 ;4	 !8	 2U	 ?2	 24	 2E,
Frequency. Hz
(c) Transverse acceleration power spectrum (RMS transverse acc. 110494  9)
Fi qure & - Continued
t,
tQ^
W
0
i	 1
	
1 M.jlr,	 (	 isJ!!
8	 li	 :4	 1':	 It
Frequency, Ht
tc) Transverse "oration power spectrum iRMS transverse acc. a 0864 gl
Figure 4 -Concluded
"_+N
forV
15
M
d
L-
OP
F {	 }
:
^^ i
^I II 11
`f11t` i^
t7
e
1
^
1
 1 / ! ♦ L ^^ ^
1	 1 4 1 1	 I {^	 i 1	 l I L•	
t
i	 •
CL	 { ^i	 { f
t
_._
7v^'
1 ;.
i I ^ { I
r
i Time, sec _ .(a) Time histories IRMS transverse acc. 0. 0175 g1
Figure 7, - Measured motion characteristics using transverse acc, with
flat 0-1 Hz inputs
t.1 ..
jj
!l
u
-
•
-- ---- t -- -	 - - +^- _ --
- -- --T- --
t
tlye
I
r
'm
wl
t t
 1
Time,sec
(a) Time histories (RMS transverse acc. 0. 0405 g)
Figure 7. - Continued
f
-
,
AL 
r
t t^	 i
- ♦ -: i
.
;• -^-- t
}
li^ 11
I
i
ii ^ t ; - i	
_
•
. L
i
Qi	 O► F^
^	 3
_•
^ ^
I r
I
I	 1
t
r '.	 ^
^
^
i
!
N
11  { ^ L!
i
1 I If
QN1
111
,
^
_'_f
^ I -
^r
w
{
=1 riliI	 I	 I	 I	 I	 I t	 i I	 II I	 I	 I	 I I	 I I	 I	 I	 I I	 I I	 I	 if I t	 I I	 I	 I i	 I	 I
ime	 sec
(a) Time histories IRMS transverse acc. a 0793 gi
Figure 7. -Continued
I	
1	
1
i I IT
1
III
1	 i Ii
1
(I`,^il
	
^	 LJ
++
(	 ^	 L
j
" I i	 II	 I
-- -	
fl-11 —Li
10	 :08	 -.06
7L,
—'-- -
	
-- ^—
-.04	 - 02	
—
-Pi
^— -------	 —_p	 .02	 04
I	 JJ
i ^^11i.n	 ^1
-.06	 --- m
100
90
80
20
10
aC
Lp
3
u0
a
C
7
^i
70
50
40
30
Acceleration level, g's
(b) Transverse acceleration histogram IRMS transverse acc. Q 0175 gi
Figure 7. - Continued
a4L)
	
1
E
40
it IL
10
O . -
.15	 -.10	
-.05	 0	 .05
Acceleration level, g's
(b) Transverse acceleration histogram IRMS transverse acc.
	 g)
0	 .15
Figure 7. - Continued
.20
	 .25
1^
	
,^.	 U !	 I	 ^	 I i ^ 	 ^^^ I
	
I^ !	 	 ^^	 I	 I I
	
h,
	
liii	 ;	 j	 I	 i
	-.15
	 -.10	 :05	 0	 .05	 .10	 .15
Acceleration level, g's
tb) Transverse ameleration , istogram (RMS transverse ac4 Q OM g)
s
1001-
I
	
i
	 (l
	
0!	 I
	
-.2 	 .20
go'	 -
^--
so ! 	^-
!
201
-7-
1
I 
I 
I 
I	
,
I	 I	 ^^ 	'	 I ^+ I ► Iii.	 '	 I	 ^
I	 i 	 i^	 !	 I
II	 !!	 I	 !	 ► 	 U	 !il,'^i
I	 I	 II
.
I
Figure T. -Continued
40^--
1
h1
a
501
m
v	 40
i
'..
N	 ,
i
z	 IX)r
IOOr-
90.-
70- -
f
50:
Ll
V
40	 _4-
Z-7
30
20.
I	 'I^	 ^	 ^	 I	 -' f^
	 I	 i
0
40	 -.30	
-.20	 -.10	 0	 .10	 .20	 .30
Acceleration level, g's
(b) Transverse acceleration histogram (RMS transverse acc. Q 0869 g)
Figure?. • Continued
it,
-1d,
4P N
V
i
t
N
d
}
0
Frequency, Hz
Ic) Transverse acceleration power spectrum IRMS transverse acc. 0. Oi'S g!
Figure?. - Continued
1
.'L
Id,
1Q,
IV
N
^s
d
W
1 Q'ii11'1'!_1.L:!I1.Lii.'11ib1_i'. ''_L!_i? 1I L111L.11111UIJ!'.:11 11 !i11L!1.1!i_ i 'L!L ILL S '1J1_LLl1 111 .i. _a^i^!+I^L1 111 t:^11ll 111(1l ilii
0	 2	 4	 8	 8	 10	 12	 14	 16	 18	 20	 22	 24	 2b
Frequency, Hz
tc) Transverse acceleration power spectrum (RMS transverse am Q 0105 g)
Figure t. - Continued
Ida
16—
ids
I
(c) Transverseaccelerallon power spectrum (RMS transverse acc. 0,079391
Figure?. -Continued
C"61:2
CL
.V -r
Old,;=
10
I fli
"
o
 1N
u
1 -Li.-L 1- j L!^- . -	 J- j	 j
20	 22	 24	 2E
Froquenq, Hz
ict Transverse acceleration power spec trum IRM9 transverse wm. M ON9 9)
Figure 7. - Cc7cluded
^s
w
c
Ch
v►
J
J
mN N
On
NCw
J
x
a
r
N
V
v v
7e ^i
^. N
oIor
1
W
V M
Y
fa) Time histories (RMS transverse acc. 0. 0109 g)
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Figure 9. - Measured motion characteristics using transverse acc. with
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Figure 11.- Variation of ride comfort response with RMS transverse acceleration having
typical power spectra.
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Figure 12.- variation of ride comfort response with RMS transverse accelerations having
flat power spectra.
